Introduction Spinal fusion as a treatment for degenerative disc disease is controversial. Prior authors have identified various MRI findings as being pain generators, which might help guide patient selection for lumbar fusion procedures. These findings have included disc desiccation, disc contour, high-intensity zone annular disruption, the presence of Modic endplate changes, and disc space collapse. The purpose of this study is to investigate which MRI findings in patients with degenerative disc disease predict clinical improvement with lumbar fusion. Methods A single-center surgical database of patients undergoing lumbar fusion was reviewed for patients whose indication for fusion surgery was primary disc pathology. We identified 51 patients (71 disc levels) who had completed 2-year prospectively collected outcomes questionnaires and had preoperative MRIs available for review. NRS (0-10) back and leg pain, Oswestry Disability Index (ODI) and SF-36 Physical Composite Summary scores were obtained preoperatively and at 1-and 2-year followup. MRIs were reviewed by three fellowship-trained spine surgeons who were asked to grade them for the following five characteristics: (a) disc desiccation, (b) disc contour, (c) presence of a high-intensity zone (HIZ) annular tear, (d) presence of Modic endplate changes and (e) disc height. Two-year outcome measures were compared to MRI findings to identify which findings correlated with improvement in outcome scores.
Introduction
The surgical treatment of axial-predominant pain associated with lumbar disc degeneration has been controversial [13] . In contrast to conditions where neurogenic leg pain predominates, identifying the source of an individual patient's axial low back pain is often difficult. Patients with clear segmental instability, such as spondylolisthesis, have been found to have predictable improvement with fusion [17, 19] , but in the absence of clear instability, surgical indications remain a matter of considerable debate. With the rising rates of lumbar fusion surgery seen in the past decade, and the limited future health-care resources which will be allocated to spine care, a better understanding of which patients can reliably benefit from lumbar fusion surgery is a high public-health priority [12] .
The question of which MRI findings are structural causes of low back pain and should be used in guiding treatment, particularly surgical treatment, is largely unanswered. Many radiographic abnormalities noted on MRI, which are often used as indications for lumbar fusion, are associated with normal aging of the lumbar spine and can be seen in asymptomatic individuals [3] . This has led to other diagnostic techniques such as discography in an attempt to better identify the pain source in these patients, but this technique also is controversial and has been shown to lead to marginal or no improvement in clinical outcomes [9, 24] . The search for noninvasive radiographic markers, which can predict improvement with fusion surgery has been challenging and the question of which radiographic findings are valid indications for fusion surgery remain a matter of debate.
The current study seeks to clarify the relationship between preoperative MRI findings and the results of lumbar fusion surgery. Previous studies have looked at certain radiographic features in isolation or have lacked validated health-related outcome measures. In the current study, we identified a group of patients undergoing lumbar fusion primarily for discogenic pain, who had prospectively collected clinical outcomes data. Preoperative MRI scans were then reviewed and we examined to determine which radiographic findings were correlated with successful results with surgery.
Methods
The current study is a retrospective study of a subset of a clinical database of prospectively collected health outcomes data. A single-center surgical database of patients undergoing lumbar fusion surgery at a tertiary spine care center was reviewed from 2001 to the present. At the time of enrollment, surgeons were required to select the primary indication for fusion in each patient based on previously defined criteria [17] . The database was screened for patients whose primary surgical indication was listed as ''disc pathology''.
Of these patients, 51 patients (71 disc levels) were found to have preoperative MRIs available for review and had completed 2-year clinical outcomes data. All patients had axial or referred pain as their predominant symptom with or without associated radiculopathy. In all patients, they rated low back pain equal to or greater than leg pain. Patients with all other diagnoses other than primary disc pathology (spondylolisthesis, spinal stenosis, scoliosis, tumor, infection, etc.) were excluded. Patients who had a disc pathology as a secondary surgical indication in association with stenosis or spondylolisthesis as the surgeon's primary indication for surgery were excluded. The study protocol was approved by the Institutional Review Board.
Standardized questionnaires were administered prior to surgery, and at 1 and 2 years post-surgery. Patients were asked to rate low back pain and leg pain independently on a 10-point numeric rating scale (back pain NRS and leg pain NRS), ranging from 0 (no pain) to 10 (worst possible pain) [22] . The questionnaires also included the Oswestry Disability Index (ODI) as a measure of low-back specific disability [15] and the Medical Outcomes Study Short Form-36 General Health Instrument (SF-36) as a measure of general health-related quality of life [32] . Outcome measure changes were evaluated based on mean changes from preoperative values to two-year post-operative values.
Preoperative MRI scans were graded independently by three fellowship-trained spine surgeons who were blinded to the clinical outcomes data. The MRIs were performed at a variety of centers, thus a standardized imaging protocol was not utilized in this study. All patients had a minimum of T1 and T2-weighted parasagittal and axial scans available for review. Each reviewer was informed as to which levels were fused at surgery and was asked to evaluate the levels for the criteria listed below. The definitions of all these MRI findings were operationalized and the definitions of each finding were listed on each individual grading sheet for the surgeon to review during the grading process. The reviewer was first asked to grade the disc contour using guidelines and definitions as outlined in the published recommendations from the combined task forces of the North American Spine Society, American Society of Spine Radiology, and the American Society of Neuroradiology [16] . A disc could be graded as normal, protrusion, or herniation (extrusion or sequestration).
Reviewers were then asked to grade the degree of disc degeneration with all associated findings. Disc desiccation was graded as present or absent. A high-intensity zone (HIZ) annular tear was noted to be present if an area of increased T2 signal, isointense to cerebrospinal fluid [2] , was noted in the posterior or posterolateral annulus. Modic changes [26, 27] were graded as absent or Type I, II or III. Type I changes were defined as hypointensity on T1 weighted images and hyperintensity on T2-weighted images. Type II changes were defined as hyperintensity on T1-weighted images and isointensity or slight hyperintensity on T2-weighted images. Type III changes were defined as hypointensity on both T1 and T2-weighted images. For the purposes of statistical analysis, mixed changes were not allowed in the current study. Finally, the reviewer was asked to measure disc height on mid-sagittal images in the center of the endplate. An overall score for each finding was generated by combining the three readings. For categorical variables, the mode (majority reading) was utilized. For continuous variables (e.g. disc height), an average of the three readers' findings was used.
Statistical analysis was by Statistical Package for the Social Sciences (SPSS v18.0) software (SPSS Inc., Chicago, IL). Mean differences in non-continuous variables (back and leg pain NRS) were compared using the MannWhitney test. Mean differences in continuous variables (ODI, SF-36 PCS) were compared using independent samples t test or one-way ANOVA. Tukey's HSD procedure was used for post hoc comparisons between groups. Correlation coefficients between all variables were calculated using Spearman's rho. In all cases, a two-tailed p value \0.05 were considered statistically significant.
Results
The baseline demographics of the study group are summarized in Table 1 . Overall, there were 51 patients with 71 disc levels fused. The study group included 23 females and 28 males with an average age of 47 years (range 29-84 years); 10 patients (14%) were smokers and 6 patients (8%) were Workers' Compensation patients; 33 patients (65%) had single-level fusions; 16 patients (31%) underwent two-level fusions, and 2 patients (4%) had three-level fusions. The majority of patients (60%) were treated with an instrumented posterolateral fusion, while the remainder had some type of interbody fusion (transforaminal interbody fusion, stand-alone anterior lumbar interbody fusion or anterior-posterior fusion). The overall change in outcome measures for the entire study group is shown in Table 2 .
Overall correlations
Correlation coefficients (Spearman's rho) were calculated between the preoperative MRI findings of the involved discs and the 2-year change in clinical outcome measures (back pain, leg pain, ODI and SF-36 PCS). These results are shown in Table 3 . Of all the MRI findings, disc height was found to have a significant correlation with 2-year change in leg pain, ODI and SF-36 PCS (p \ 0.05). Disc contour, desiccation, the presence of an HIZ lesion, and the presence of Modic endplate changes did not show statis- 
Desiccation
Only 10 patients (14%) in the study group who underwent fusion had discs which did not appear desiccated, while 61 discs (85%) were desiccated. There was no difference in 2-year change of clinical outcome measures in patients whose discs were desiccated compared with those who were not (Table 4) .
Disc contour
Eleven discs (15%) were found to have normal contour, 52 (72%) were graded as protrusions and eight (11%) were graded as extrusions. Mean 2-year change in clinical outcomes is shown for these three groups in Table 5 . There was no significant difference in improvement between discs with normal contour, protruding discs or discs with an extrusion.
High-Intensity Zone
Eleven discs (15%) were found to have a high-intensity zone annular tear in the posterior or posterolateral annulus, while 60 discs (85%) did not demonstrate this lesion. Discs with and without this lesion did not have a significantly different 2-year change in clinical outcome measures (Table 6 ).
Modic endplate changes
Forty discs (56%) were graded as having no Modic endplate changes, while 31 discs (43%) did demonstrate Modic (Table 8 ).
Disc height Figure 1 is a histogram of the distribution of the disc heights included in the study. The distribution approximates a normal curve (skewness = 1.5, kurtosis = 3.95) with a median disc height of 6.0 mm. For the purpose of further analysis, the discs were divided into three groups based on percentiles, with a disc height \5 mm representing the smallest third (33rd percentile), 5-7 mm representing the middle third, and [7 m (67th percentile) representing the largest third. 
Discussion
The current study examined several MRI findings with respect to their capacity to predict improvement with lumbar fusion. We found that several MRI findings, which are commonly used to justify fusion procedures, were not able to predict improvement with fusion. These findings included disc desiccation, disc contour, high-intensity zone annular tears, and Modic vertebral endplate changes. Patients with these findings achieved improvement in Fig. 1 Histogram of distribution of disc heights for study sample health-related quality of life measures that were similar to study subjects who did not have these findings. Only narrowed disc space height was found to correlate with clinical improvement and appeared to do so in a dosedependent manner.
Lumbar fusion has been a controversial treatment for lumbar degenerative disc disease largely because of the variability and unpredictability of clinical results. In fact, the term degenerative disc disease is problematic as it encompasses a wide spectrum of degenerative changes to the lumbar motion segment, many of which are a normal consequence of aging and can be seen in asymptomatic individuals. For fusion to be an effective treatment, correct identification of an individual patient's ''pain generator'' would need to occur. Our study would suggest that many commonly used MRI findings are not reliable markers of who will improve after lumbar fusion. This finding certainly could explain much of the variability seen in clinical results of fusion in standard clinical practice. Our study does suggest that preoperative disc space narrowing, a relatively late-stage finding in the degenerative cascade, does seem to correlate with substantial clinical improvement. Targeting lumbar fusion to degenerative discs, which are collapsed and narrowed, may lead to an improvement in overall clinical results although certainly further investigation is needed.
Our data did not suggest that disc desiccation or disc contour correlated with clinical improvement following fusion. Disc desiccation is an early finding in lumbar disc degeneration and is nearly ubiquitous in patients over the age of 50, the majority of whom do not suffer from chronic back pain [28] . The fact that so many older people are pain-free despite having desiccated disc would argue against this being used as an indication for fusion. However, desiccation is used as an indication for fusion in younger patients, particularly if seen in combination with other findings such as annular tears or in the setting of positive discography [9] . Disc contour would not be expected to influence back pain improvement with fusion, as its main significance is with respect to neural compression and leg pain. Interestingly, patients in our study with disc protrusions did not experience greater relief of leg pain than patients with normal disc contour. However, the number of disc extrusions was too small to draw meaningful conclusion and such patients would typically undergo microdiscectomy alone in our practice.
When high-intensity zone annular tears, were first described by April and Bogduk in 1992 [2] , many felt that it was a significant breakthrough in the diagnosis of low back pain syndromes. These authors found the lesion to be present in 28% of chronic low back pain patients contemplating fusion; 38 of 40 patients with this lesion had concordant pain with discography in this study, and the authors reported a positive predictive value of 90%. The hope was that this lesion represented a clearly diagnosable cause of low back pain, which could be reliably treated. However, further studies have called into question whether positive discography can be used as a surrogate measure for what is ''surgically treatable'' [6, 20, 24] . Other studies have shown the HIZ lesion to be present in 6-31% of asymptomatic subjects [5, 21, 30] . Carragee et al. [6] compared discography response in patients with an HIZ lesion with and without back pain. They found that the presence of an HIZ lesion did lead to a concordant response to discography in 70% of patients, whether they had a history of back pain or not. They concluded that the presence of an HIZ lesion did predict response to discography but was not pathognomonic for a structural low back pain illness. Our study similarly suggests that patients with an HIZ lesion did not have any greater improvement with fusion than patients without this lesion did.
Several studies now seem to support a positive association between Modic vertebral endplate signal changes and LBP [1, 23, 25, 27, 29, 31] . Type I changes in particular, which are characterized histologically by endplate fissuring, fibrovascular granulation tissue and edema in the marrow adjacent to the vertebral endplates, are thought to have a strong association with low back pain. One study found an association between Type I changes and segmental hypermobility [31] although this has been disputed [4] . Two recent European studies suggest that patients with type I Modic changes have a high rate of satisfactory outcome with lumbar fusion. Esposito et al. [14] , in a review of 60 patients undergoing single-level lumbar fusion for degenerative disc disease, found superior outcomes for patients with type I changes compared to patients with other subtypes. Chataigner and co-authors [7] also noted superior outcomes with ALIF in patients with type I Modic changes but also noted that most of these patients also had disc space narrowing in their study. The current study could not identify a trend towards improved outcomes with Modic changes in general or type I changes specifically.
The association between disc narrowing and mechanical back pain has received increased attention in recent studies. DeShepper [11] and colleagues recently examined this association as part of the Rotterdam Study, a large prospective cohort study in the Netherlands, which has examined a number of disease states. In the 2,800 patients with lumbar radiographs, they found a positive association between disc narrowing with chronic low back pain and disability. Interestingly, they found this moderate association between nearly as strong as the relationship between joint space narrowing and pain in knee osteoarthritis [8] and stronger than the association of radiographic hand osteoarthritis and pain [10] . In results from the Swedish Lumbar Spine Study, Hägg [18] showed that disc narrowing and personality characterized by low neuroticism were the only factors, which predicted improvement with fusion for low back pain. Our study also demonstrated an association between disc narrowing and improvement with lumbar fusion. The cause for this is unknown. A possible explanation may be that a narrowed disc allows greater biomechanical stress to be borne by the adjacent endplates and facet joints, and that arthrodesis alleviates this pathologic stress transfer. Although the cause for this association is unclear, this association clearly was seen in our data across all four clinical outcome variables studied, and seemed to be dose dependent.
Our study certainly has limitations, which should temper the interpretation of our results. The small sample size and relatively low number of some MRI findings means that the study is underpowered to state definitively that there is no association between certain lesions (e.g. HIZ lesion, type I Modic change) and fusion outcomes. However, we did not see any trend towards an association with the sample size available. The sample size was also too small to analyze combinations of MRI characteristics such and disc collapse and Modic changes. Another important limitation is that the majority of fusions performed were posterolateral fusions. Many surgeons favor interbody fusions for discogenic pain. The sample size did not allow comparisons across different fusion types such as TLIF or anterior-posterior fusions. There may be the presence of selection bias in that patients who had disc pathology and did not have patient reported outcomes and/or MRI studies available were excluded. Radiologists were not included as readers in this study. The author's needed to design the study to parallel what happens in clinical practice. That is, the MRI guides the surgeon in the decisionmaking process.
In conclusion, the current study demonstrates that of all commonly used MRI findings, which are used as an indication for lumbar fusion, disc space narrowing is the most strongly correlated with clinical improvement. The patient with a narrow, collapsed disc may represent a subset of the large, poorly characterized population of ''degenerative disc disease'' who may be effectively treated with lumbar fusion. Further prospective studies with large study samples will be needed to further clarify this association.
